Multiferroics are an exciting class of multifunctional materials in their own right which have two or more versatile properties at the same time.
1,2 BiFeO 3 is the only known multiferroic oxide which simultaneously exhibits antiferromagnetic, ferroelectric, and ferroelastic behaviors at room temperature as it has a ferroelectric Curie temperature of $1100 K and a N eel temperature of $640 K. 3 Since BiFeO 3 shows strong coupling between the magnetic and the ferroelectric order parameters, leading to magnetoelectric effects, the antiferromagnetic domains can be switched by ferroelectric domain rearrangement which originates from polarization switching by an external electric field. 4 In other words, the magnetic order can be manipulated by easily applying an electric field. This ability has been recently demonstrated in thin films at room temperature, 4, 5 and therefore offers an opportunity to use BiFeO 3 films in spintronics and magnetoelectric applications (Ref. 6 ). In addition, BiFeO 3 films have the largest remanent polarization ($100 lC/cm 2 ) along the [111] polar direction among all known ferroelectrics. 7, 8 This exciting feature also makes them promising candidates for nonvolatile ferroelectric random access memories. For a better compatibility with those magnetoelectric devices and ferroelectric memory applications which are based on existing semiconductor technology, BiFeO 3 needs to be integrated with conventional semiconductor materials. The integration of BiFeO 3 films with silicon is of particular importance because it is the basis of modern semiconductor technology.
Bulk BiFeO 3 has a rhombohedrally distorted perovskite structure with the space group R3c, and unit cell parameters a rh ¼ 5.634 Å and a rh ¼ 59. 348 and can be represented as a pseudocubic perovskite with lattice constant a ¼ 3.965 Å and angle a ¼ 89. 46 between pseudocubic h100i axes. 9 (Here, pseudocubic indexing is used for BiFeO 3 throughout this manuscript, except for Fig. 2 3 , and yttria-stabilized zirconia (YSZ) were deposited by PLD, employing a KrF excimer laser (k ¼ 248 nm) operating at a repetition rate of 5-10 Hz with an energy fluence of 1.7-3.4 J/cm 2 . On the other hand, Pt films were deposited from a Pt source target of 2 in. in diameter by magnetron sputtering using a rf power of 10 W. The epitaxial BiFeO 3 films were grown from a stoichiometric target at a substrate temperature of 600 C in an O 2 pressure of 6.2 Â 10 À2 mbar. Details concerning the growth conditions of other films can be found elsewhere. 17 All the films were prepared in one vacuum chamber involving PLD and rf magnetron sputtering systems without breaking vacuum. The heterostructures were structurally characterized by x-ray diffraction (XRD) h-2h scans, / scans, and pole figures using a PANalytical X'Pert MRD four-circle diffractometer. For the electrical characterization, Pt top electrodes with a diameter of 100 lm were prepared by conventional lithography liftoff. After the deposition of top electrodes, the samples were annealed at 300 C for 30 min in an O 2 atmosphere to stabilize the contact between the multiferroic material and Pt. The ferroelectric properties were evaluated by a TF Analyzer 2000 ferroelectric tester (aixACCT). As already reported, the epitaxial orientations of SrRuO 3 electrode layers on SrTiO 3 substrates are usually inherited by BiFeO 3 films due to their outstanding chemical compatibility and close lattice match. 7, 8, 12 This result implies that the growth of epitaxial BiFeO 3 films is possible on Si substrates if the underlying SrRuO 3 electrodes are epitaxial with the use of appropriate intermediate layers. It has been reported that (110)-and (111)-oriented SrRuO 3 films were epitaxially grown on (100) Si substrates introducing (100) YSZ and (111) Pt/(100) YSZ buffer layers, respectively. 18, 19 These heteroepitaxial structures proved to be an effective epitaxial template for the growth of Bi-layered perovskite films. [17] [18] [19] [20] The in-plane arrangements of epitaxial SrRuO 3 layers on (100) YSZ layers are schematically illustrated in mbar, 21 which are similar to our growth conditions for BiFeO 3 films on Si substrates. Furthermore, it was reported that deposition at lower T or higher P resulted in the formation of Bi 2 O 3 precipitates while films grown at higher T or lower P contained Fe 2 O 3 inclusions. 21 Pole figure analyses were conducted to identify the crystallographic orientations of BiFeO 3 films and determine whether the heterostructures consisting of BiFeO 3 /buffered Si are epitaxial. Figures 3(a) and 3(b) show pole figures of (101) and (111) BiFeO 3 films on SrRuO 3 /YSZ/(100) Si and SrRuO 3 /Pt/YSZ/(100) Si, respectively. (The pole figures are plotted on a square root scale.) The fixed 2h value used to record the pole figures was 22.42 corresponding to the 100 reflection of BiFeO 3 . As shown in Fig. 3(a) , eight peaks arranged with a fourfold symmetry are observed at w % 45 [cf. the angle /(101);(100) ¼ 44 .7 ]. These peaks are grouped into four sets of two reflection peaks, with an angle difference of $20 in /. This arrangement of the peaks stems essentially from the azimuthal domain configuration of (110) SrRuO 3 on (100) YSZ, i.e., the diagonal-type rectangle-on-cube epitaxy alignment, 18 as schematically depicted in Fig. 1(a) . The (110) orientation of SrRuO 3 on (100) YSZ implies a minimization of the SrRuO 3 /YSZ lattice misfit by each of the four specific azimuthal orientations of the SrRuO 3 lattice. In the case of a (111) BiFeO 3 film shown in Fig. 3(b) , twelve peaks with a peak-to-peak separation angle of $30 in / are found at w % 54 [cf. the angle /(111);(100) ¼ 54. 3 ], indicating that the (111) plane of BiFeO 3 is parallel to the substrate plane. In addition, it offers evidence that the BiFeO 3 film with the approximate threefold symmetry of the (111) BiFeO 3 plane involves four different domain variants with azimuthal angle differences of $90 . We further examined the thin films, carrying out / scans to additionally confirm the epitaxial growth and the in-plane orientation. Figure 3(c) shows a / scan of the 111 reflection of the (101) BiFeO 3 film, recorded at a fixed w angle of 34. 9 . This scan indicates that the (101) plane of BiFeO 3 is parallel to the (100) substrate plane of Si and that the (101) BiFeO 3 film has a good in-plane orientation. The / scan of the 102 reflection for the (111) BiFeO 3 film is shown in Fig.  3(d) , representing twelve reflection peaks separated by $30
. These peaks basically originate (1) from the threefold symmetry of the (111) Pt plane and (2) from four different azimuthal positions of (111) Pt domains on the (100) YSZ surface. This in-plane orientation alignment of (111) Pt on (100) YSZ was schematically described in Fig. 1(b) , revealing the triangle-on-cube epitaxy relation. 19 It should be noted that the SrRuO 3 film is also composed of four azimuthal domains which inherit the in-plane domain structure from the Pt film. 17, 19 As a result, the growth orientation of the (111) Pt film was inherited by the (111) BiFeO 3 film through the intermediate (111) SrRuO 3 layer. Therefore, the BiFeO 3 film involves four corresponding azimuthal domain variants.
Ferroelectric hysteresis loops were recorded to evaluate the dependence of ferroelectricity on the crystallographic orientations and the fatigue characteristics of BiFeO 3 films. Figures 4(a) and 4(b) show polarization-electric field (P-E) hysteresis loops recorded from (101) and (111) BiFeO 3 films deposited on (110) and (111) SrRuO 3 bottom electrodes on (100) Si, respectively, before and after electrical fatigue test. Both the (101) and (111) BiFeO 3 films exhibit well-saturated P-E loops revealing good ferroelectric switching properties. In the case of before fatigue, the measured remanent polarization value for the (111) BiFeO 3 films is 58.9 lC/cm polarization reversal, resulting in domain wall pinning by trapping mobile carrier charges in non-neutral domain walls. 23 However, simple 71 polarization switching in (100) BiFeO 3 films or 109 switching in (101) ones maintains neutral domain walls during the switching, resulting in fatigue resistance.
In summary, we have grown epitaxial BiFeO 3 thin films with (101) and (111) orientations on (100) Si substrates making use of two different heteroepitaxial buffer layers, viz. loops. Fatigue-free behavior up to 4.6 Â 10 7 cycles was observed in the (101) BiFeO 3 film, whereas the (111) BiFeO 3 exhibited a marked fatigue. This difference in the fatigue behavior is significantly relevant to the polarization switching path.
